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Metrology of DNA Arrays by Super-Resolution Microscopy
Materials and Methods
DNA origami synthesis
Single stranded M13mp18 DNA (scaffold strand) was purchased from Bayou Biolabs (Catalog # P-107) at 1.0 μg/μL in 1 x TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Scaffold concentration was calculated to be 420 nM using the molecular weight of M13mp18/19, as reported by New England Biolabs. Staple strands were purchased unfiltered from Integrated DNA Technologies in 1 x TE buffer at 100 μM or dry and rehydrated with 1 x TE buffer to 100 μM. Biotinylated staple strands were purchased HPLC purified from Integrated DNA Technologies dry and rehydrated with 1 x TE buffer to 100 μM.
Individual cross-shaped DNA origami tiles were prepared with 10 nM scaffold strand, 50 nM body staples, and 100 nM edge staples in 0.5 x TBE buffer (44.5 mM Tris, 44.5 mM boric acid, 1 mM EDTA) with 12.5 mM MgCl2. Thermal annealing was performed in an Eppendorf Mastercycler Nexus Gradient thermal cycler using the recipe reported in Table S1 . After annealing, tiles were stained with 0.2 x SYBR® Gold nucleic acid gel stain and filtered by agarose gel electrophoresis (uncooled, 0.8 % Agarose, 0.5 x TBE, 8 mM MgCl2) at 70 V for 2 hours. Filtered tiles were cut from the gel and retrieved by compressing the gel between glass slides. Step Starting temp. 
Tile array synthesis
Prior to mixing tiles for array formation, all tile solutions were diluted to 1 nM with TBE/Mg 2+ buffer (0.5 x TBE, 8 mM MgCl2) and annealed at 30°C for ten minutes to reduce homogenous tile interactions. Unconstrained tile arrays were assembled by mixing equal parts of A and B tiles at 1 nM in TBE/Mg 2+ buffer and annealing for 24 hours from 38.5 to 35°C at 3 hours per 0.5°C. After annealing, unconstrained tile arrays were immediately deposited into a fluid well and onto mica (coverslip and mica heated to 35°C prior to deposition). For 2x2-tile arrays, tile polymerization was limited by replacing the sticky-ends of the R and D arms of tile A ( Figure S4a ) and L and D arms of tile B ( Figure S4b ) with inert 3 nt polyThymine (pT) extensions, leaving only the defect label strands. 2x2-tile arrays were assembled by mixing equal parts of A and B tiles at 1 nM in TBE/Mg 2+ buffer and annealing for 24 hours at constant temperature (25, 30, or 35°C). After annealing, 2x2-tile arrays were immediately deposited onto mica, then the array solution was diluted by 4x with TBE/Mg 2+ buffer and deposited into fluid wells.
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AFM imaging
Samples for individual A and B tiles were diluted to 1 nM tiles in TBE/Mg 2+ buffer and annealed for 10 minutes at 30°C prior to deposition on mica. After annealing, 15 μL of the tile solution was deposited onto freshly cleaved mica (see above). After 4 min, an additional 100 μL of TBE/Mg 2+ buffer was added to the mica surface and gently removed by drawing the excess solution up with a pipette to remove any tiles in solution. This rinsing step was repeated three times. After rinsing, 80 μL of TBE/Mg 2+ buffer with nickel (0.5 x TBE, 8 mM MgCl2, 1 mM nickel (II) acetate) was deposited for imaging. AFM images of individual tiles were acquired in Peak Force Tapping mode in fluid on a Dimension Icon (Bruker) using ScanAsyst fluid probes (Bruker). Typical scanning parameters were 30 Hz scan rate, 256 lines, 1 μm x 1 μm area.
Samples for AFM imaging of unconstrained tile arrays and 2x2-tile arrays were prepared by depositing 15 μL of tile arrays at 1 nM (individual tile concentration) in TBE/Mg 2+ buffer onto freshly cleaved mica (Ted Pella, 25 mm x 75 mm Grade V1 mica sheets, 7.8 mm punched diameter). After four minutes the solution was removed by rinsing with 4 mL DI water and dried with an N2 gun. AFM images of tile arrays were acquired in Peak Force Tapping mode in air on a MultiMode 8 (Bruker) using ScanAsyst HR probes (Bruker). Typical scanning parameters were 0.8 Hz scan rate, 1024 lines, 10 μm x 10 μm area.
Fluid well construction
Open fluid wells were constructed from treated plastic microscope slides (Ted Pella, catalog number: 260225) and Gold Seal® #1 square cover glass (Ted Pella, catalog number: 260341). A ½ in. hole was drilled into the center of the plastic microscope slide using a ½ in. glass and tile bit. For fiducial markers, 50 μL of 200 fM gold nanoparticles in methanol (Nanopartz, 150 nm silane polymer-coated spherical AuNPs, part #: E11-150-Silane-2.5 *custom order) were deposited onto the coverslip. Treated coverslips were attached to drilled microscope slides with two-part epoxy.
Fluid well sample preparation
Fluid wells were rinsed twice with 200 μL DI water, then 200 μL of 1 mg/mL biotin-labeled bovine serum albumin (SigmaAldrich, catalog number: A8549) in Tris/Na 
Optical setup
Fluorescence imaging was performed on a Nikon Eclipse TiU microscope equipped with a Nikon TIRF illuminator and a Nikon CFI Apo TIRF 100x NA 1.49 objective. An additional 1.5x magnification was used to achieve a total magnification of 150x and a pixel size of 107 nm. The area captured by our system is 55 x 55 μm 2 . A 561 nm laser (Coherent Sapphire) was used for illumination with a 0.5x stop down (~8 mW TIRF illumination). A Chroma TRF49909 ET-561nm filter set was used to spectrally filter laser output. A Princeton Instruments ProEM EMCCD camera, using the imaging software LightField, was set to 25x EM gain and a data acquisition rate of 6.66 Hz. 15,000 frames were captured during each acquisition step ( Figure S2 ). Focal drift was corrected in real time with an optical system and feedback loop developed in house.
Super-resolution Xtal-PAINT imaging
For Xtal-PAINT imaging, two imager strand solutions and one rinsing solution were prepared. Cy3b-labeled imager strands were purchased dual HPLC-filtered from Bio-Synthesis dry and rehydrated to 10 μM with 1 x TE buffer. The rinsing strand, M1*, was purchased from Integrated DNA Technologies dry and rehydrated to 100 μM with 1 x TE buffer. Imaging solution 1 consisted of Cy3b-labeled imager strand M1' diluted to 3 nM in imaging buffer (0.5x TBE, 18 mM MgCl2). Imaging solution 2 consisted of Cy3b-labeled imager strand M2' diluted to 3 nM in imaging buffer. The rinsing solution consisted of rinsing strand M1* diluted to 10 nM in imaging buffer.
For two-color image acquisition, 200 μL of imaging solution 1 was first introduced to the fluid well for defect label imaging. After imaging, the fluid well was washed with the rinsing solution to remove and passivate any remaining M1' imager strands. Following rinsing, 200 uL of imaging solution 2 was introduced to the fluid well for lattice site image acquisition. Two-color image acquisition is depicted in Figure S2 .
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Supplementary Information 3 Image localization, drift correction, and image post-processing were performed with the ThunderSTORM 1 plugin for ImageJ, 2 available for download at http://zitmen.github.io/thunderstorm/. The images were filtered to remove localizations with localization uncertainty greater than 5 nm and exported at 40x magnification. Defect label images were pseudo-colored using the 'Cyan Hot' LUT available in ImageJ, and lattice site images were pseudo-colored using the 'Yellow' LUT available in ImageJ.
The localization precision for each super-resolution image was calculated as the mean uncertainty of all points localized with ThunderSTORM. ThunderSTORM calculates the uncertainty of individual localizations using a modified form of the Thompson-Larson-Webb formula.
The mean localization precision of tile array super-resolution images was less than 12 nm for all cases reported in this work.
Counting method and statistics
Self-limiting 2x2-tile array hybridization defect counting was performed using ImageJ to track the progress of counting. Hybridization defect counting was performed only on structures that could be confidently identified as 2x2-tile arrays by the presence of defect labels and lattice sites in a recognizable pattern. 2x2-tile arrays were counted by the number of defect labels resolved on bound tile arms (within the array). The number of 2x2-tile arrays counted was reported for each case; counting data is available in Table S4 .
Statistical analysis with radial distribution function g(r)
The radial distribution functions of experimental and simulated images were calculated using the 'Radial Distribution Function' plugin for ImageJ which is accessible at http://imagejdocu.tudor.lu/doku.php?id=macro:radial_distribution_function.
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Figure S1 | Strand diagram for cross-shaped DNA origami A-tile. Strand diagram exported from caDNAno and altered to depict modifications to the tile for Xtal-PAINT imaging and tile array formation. Individual strand sequences and imager strand sequences can be found in Tables S6-8 . Original design and naming convention for individual strands were adopted from Liu et al. , where p is the probability of resolving defect label sites on an individual tile arm, and N is the total number of tiles counted. Binomial distributions (red) were generated from the results of counting to calculate p given that each tile has four arms. The data for individual tile counting statistics can be found in Table S2 . (c) Xtal-PAINT image of individual B-tiles displaying defect labels (yellow) and lattice sites (blue). Mean localization precision for defect label and lattice images were 6.0 ± 4.0 nm and 11.3 ± 6.9 nm, respectively. Scale bar, 500 nm. (d) AFM image of individual B-tiles on mica, imaged in fluid (0.5x TBE with 12 mM MgCl 2 and 2mM NiCl 2 ). Image dimensions, 500 nm x 500 nm. To reduce homogeneous interactions between tiles, tile solutions were heated to 30 °C prior to deposition in fluid wells and on mica. In the Xtal-PAINT image, large tile structures were observed that appear to consist of several overlapping tile arrays, consistent with structures observed in AFM images of tile arrays on mica. Mean localization precision for defect label and lattice images were 6.1 ± 4.1 nm and 9.0 ± 5.6 nm, respectively. Scale bars, 1 μm.
Figure S6 | Xtal-PAINT lattice images of large tile arrays with curvature. Inverted grayscale Xtal-PAINT lattice images of large tile arrays that were unable to flatten on the surface, indicated by indistinct, blurred regions of the array and/or curved lattice site paths. Blurring was observed in all the arrays due to poorly localized binding events, likely resulting from imager strand binding to lattice sites located outside of the focal plane and/or overlapping binding events. These effects were rarely observed in tile arrays smaller than 1 μm x 1 μm, though it is unlikely that the curvature observed in large arrays was caused by global curvature since no tube-like structures were observed. Rather, tile arrays were unable to relax or flatten on the surface due to immobilization by biotin-avidin binding. Large tile arrays are more likely to experience large fluctuations away from planarity due to local fluctuations of the solution, and any deformation that occurs in tile arrays while binding to the surface may be trapped in the structure. Scale bar, 1 μm. , and 7 th nearest neighbor distances for a square lattice with a lattice constant of 87 nm. Peak positions were determined by fitting individual peaks with Gaussian functions. Statistics for the results of peak fitting for peaks 2-5 are provided in Table S3 . 
Peak width Peak position Statistics
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Figure S8 | Defect counting method for 2x2-tile arrays. (a-d) Examples of 2x2-tile arrays imaged by Xtal-PAINT with 0, 1, 2, and 3 defects, respectively. For self-limiting 2x2-tile array samples annealed at 25, 30, and 35 °C, 2x2-tile arrays were counted by the number of defects resolved at bound arms. The data for 2x2-tile array defect counting can be found in Table S4 . (e) Example of counting window for 2x2-tile array defect counting. Counting results for sample annealed at 25 °C are shown. Green, et al. ). In comparison to the rigid model, the point distributions of the flexible tile model are elongated tangent to the tile. Scale bars, 50 nm. Probability color bar, linear from 0 to 1 AU. (c) Radial distribution functions of the rigid and flexible tile models plotted with the experimental g(r) for comparison. For a valid comparison of the shape of each distribution, the contribution of random tile positions was removed from the experimental distribution by subtracting 1 and all distributions were normalized by the maximum values of each distribution (corrections validated in Figure S12 ). The shape, position, and relative height of the second peak of the experimental distribution could not be accounted for with a rigid tile model, demonstrating the need for a tile model that accounted for the effect of arm twist on the positions of defect labels. were generated by spectral decomposition of the experimental g(r) into a linear combination of spec single tile (X 1 ), 2-tile array (X 2 ), 3-tile array (X 3 ), and 2x2-tile array (X 4 ) spectra. Fit = a 1 X 1 + a 2 X 2 + a 3 X 3 + a 4 X 4 , where a 1 -a 4 represent the fraction of tiles in each size of tile array out of the total number of tiles. The isolated component spectra are shown in Figure S11 . The fraction of tiles bound by sticky-end hybridization (a 2 -a 4 ) was observed to decrease with anneal temperature. The deviation of fitted g(r) from experimental g(r) also decreased with anneal temperature due to a decrease in the fraction of tile structures that are not accounted for by the isolated component spectra (Figure S14 ).
Table S5 | Statistics for fitting of experimental g(r)
Figure S14 | Xtal-PAINT and AFM images of extended 2x2-tile arrays. (a) AFM image of a self-limiting 2x2-tile array sample on mica. In the image, several tile arrays were observed that failed to terminate at 2x2-tile arrays. The tile array magnified in the image demonstrates outof-plane sticky-end hybridization, which enables tile arrays to extend beyond the intended 2x2-tile structure. Several larger tile arrays were also observed in the image. (b) Xtal-PAINT image of a self-limiting 2x2-tile array sample. Several large tile structures were resolved that failed to terminate at 2x2-tile arrays due to out-of-plane sticky-end hybridization, closely resembling tile arrays observed in a. Mean localization precision for defect label and lattice images were 5.8 ± 3.9 nm and 7.9 ± 5.3 nm, respectively. Scale bars, 1 μm. Inset scale bar, 250 nm. 
